Amine scrubbing is a proven technology in the oil and gas industries. Its use in coal fired power plants is not fully understood and the likelihood of solvent degradation is high. Decreased absorption efficiency, undesirable by-products and the environmental impact of their disposal are the main consequences. In the present study, samples of monoethanolamine were thermally degraded, at 160•C for between 2 and 8 weeks, and their CO2 removal capacity deterioration was determined. The findings show that thermal degradation at 160•C for 8 weeks reduced monoethanolamine concentration by 95%, but the remaining solvent still retained 22% of its capacity to remove CO2, probably due to the capacity of some of the degradation products to remove CO2. Therefore, the requirement for monoethanolamine make-up in operational amine scrubbing systems may not be quite as serious as initially believed. A 20% higher MEA loss was determined in the samples with 0.37 initial CO2 loading (mol CO2/mol MEA). 2-Oxazolidone, N-(2-hydroxyethyl)-ethylenediamine and 1-(2-hydroxyethyl)-2-imidazolidinone were identified as the major monoethanolamine degradation products, the latter being indicated as the most stable product with concentrations of up to 17% (v/v). Corrosion (1.95 mm/year) of the stainless steel (type 316) equipment, used during the experiments, was also observed.
Introduction
Amine scrubbing has been an established technology for acid gas removal in the chemical and oil industries for many decades. Thus, it is considered that it can be readily implemented on a large scale at existing power plants for CO2 removal (Mangalapally et al., 2009) . Aqueous solutions of 30% (w/v) monoethanolamine (MEA) are the reference solvents for such processes (Moser et al., 2011) . There are numerous technical and environmental challenges that are encountered during the application of MEA in industrial CO2-scrubbing systems. During the absorption-stripping process, considerable solvent losses occur. Amine solvents are very volatile and as a result are likely to evaporate from the liquid into the gas phase, escape to the atmosphere and react producing environmentally hazardous compounds (Nguyen et al., 2011) . Moreover, the irreversible reactions which may occur during the process result in the accumulation of degradation products in the solvent and the reduction of the active MEA content. Hence, there is a requirement for partial or complete replacement of the solvent in order to maintain the plant efficiency (Abdi, 1997) . Often the spent degraded solutions contain about 80% of the original amine (Abdi, 1997) and as a result, in addition to the environmental impact of the degraded solvent disposal, pure solvent is also wasted. Islam et al. (2011) reports that the replacement costs of the solvent in an MEA plant are estimated to be around 4% of the total costs of carbon sequestration. Finally, as reported by Strazisar et al. (2003) , the solvent make up requirements due to solvent degradation are calculated to be around 2.2 kg of MEA solvent per tonne CO2 captured. The generated degradation products are believed to be responsible for equipment corrosion, foaming, fouling and an increase in the solvent s viscosity. Additional equipment is needed in order to remove the by-products generated during the procedure and these degradation products are disposed as hazardous chemical wastes (Islam et al., 2011) . Therefore, there is an impact on the process economics and the environmental impact of the disposal of the liquid and solid wastes recovered.
There is a requirement for further research on the rates, mechanisms and products of the degradation of MEA in conditions likely to be encountered in industrial application of CO2 scrubbers. MEA can be degraded during the process principally due to either oxidative or thermal degradation. Oxidative degradation is caused due to the presence of O2 (typically > 5%) in coal fired power station flue gas and leads to MEA degradation during the absorption stage, resulting in the formation of, mainly, heat-stable salts (Sexton and Rochelle, 2008) .
The presence of SO and SO2 as well as NOx can also cause the formation of heat stable corrosive salts (Brakstad et al., 2010) . Thermal degradation occurs in the presence of CO2 at temperatures encountered in the cross exchanger, stripper and the thermal reclaiming unit and causes the formation of large polymeric compounds (Davies, 2009 ). In recent pilot plant studies, Lepaumier et al. (2011) Zoannou, K.S., Sapsford, D.J. and . Thermal degradation of monoethanolamine and its effect on CO2 capture capacity. International Journal of Greenhouse Gas Control, 17, . _________________________________________________________________________________________________________________________ 2 demonstrate that in degraded MEA samples from Esbjerg amine scrubbing plant, oxidative degradation was more dominant than thermal degradation. HEIA and 2-oxazolidone were detected in the pilot plant samples with the latter being reported as an oxidative degradation product, common with thermal degradation. Moreover, Moser et al. (2011) suggest that, even though carbamate polymerisation products were detected in samples from a pilot plant at Niederaussem, oxidative degradation products were detected at higher concentrations after 5000 h of operation. However, in both the aforementioned studies, neither solvent reclaiming units nor oxidation inhibitors were used in the pilot plants described. Reynolds et al. (2012) also report that solvents are not usually reclaimed during pilot trials. According to Davis (2009) and Reynolds et al. (2012) thermal degradation by carbamate polymerisation occurs at temperatures also encountered in thermal reclaiming units. According to Reynolds et al. (2012) there is some concern that thermal degradation products might act as chelators that can increase the severity of corrosion.
The identification and quantification of the thermal degradation products generated within an MEA-based CO2 scrubbing system, the chemistry of degradation and the pathways of formation of degradation products are not yet fully understood and thus require further research. Furthermore, with a better understanding of the mechanisms the effect of the process parameters on solvent degradation can be further assessed in order to control degradation and potentially reduce the energy consumption and costs of the process. Finally, understanding how thermal degradation occurs may help in developing new stripper configurations, as according to Davis (2009) stripping is the largest economic factor in the capture of CO2.
A number of researchers performed studies on the MEA loss due to thermal degradation at temperatures below 200 •C (Polderman and Dillon, 1955) . Davis (2009) and Eide-Haugmo et al. (2011) suggest that the MEA loss and the percentage of formation of the degradation products is dependent on the temperature, the CO2 loading and the MEA initial concentration. The largest MEA loss is reported by Davis (2009) as 65% after 8 weeks of thermal degradation at 150 o C. In practice MEA thermal degradation in the presence of CO2 at stripper temperatures is a slow phenomenon and that is why the temperature conditions chosen for the present study were higher than the thermal degradation studies presented in the literature by Davis and Rochelle (2008) , Davies (2009) and Lepaumier et al. (2009a Lepaumier et al. ( ,b, 2010 Lepaumier et al. ( , 2011 , in order to accelerate the degradation. Davis and Rochelle (2008) , Davis (2009) and Lepaumier et al. (2009 Lepaumier et al. ( a,b, 2010 Lepaumier et al. ( , 2011 state that 2-oxazolidone, N,Ndi(2-hydroxyethyl)urea, HEIA and HEEDA are the MEA major thermal degradation products. Some early studies performed on MEA thermal degradation pathways, presented 2-oxazolidone as the first MEA degradation product produced just by heating MEA carbamate (Polderman and Dillon, 1955) . It was also suggest that HEIA was a precursor of HEEDA (Polderman and Dillon, 1955; Yavzikova et al., 1975) . However, recent studies agree on the contrary: HEIA is thought to be the most stable degradation product and 2-oxazolidone to be the first and key product that causes the MEA deactivation (Davis, 2009; Lepaumier et al., 2009a Lepaumier et al., ,b, 2010 Lepaumier et al., , 2011 Vevelstad et al., 2011) . Fig. 1 presents the thermal degradation pathway as reported by Davis (2009) , at many different parts of the proposed pathway, equilibrium reactions of the produced degradation products with CO2 and MEA occur. Therefore, some of the thermal degradation products have also the capacity to remove CO2. The present study focuses on the effects of thermal degradation on the MEA solvent. More specifically, the effects of thermal degradation on the MEA loss, the formation of degradation products and the CO2 uptake capacity deterioration are discussed. Two sets of experiments with two different initial molar loadings, 0.19 and 0.37 mol of CO2/mol of MEA, were performed in order to assess the effect of loading on the solvent operational lifetime. Fig. 2 . Schematic of the absorption/stripping apparatus A volume of 1200 ml of 30% (w/v) (or 29.6%, v/v) aqueous MEA (99.5%, Fisher Scientific) solution was contacted with pure CO2 at a rate of 100 ml/min in the gas absorption/stripping rig (Fig. 2) until the desired loading was achieved (see Section 2.2). Two sets of experiments were performed in order to assess the effect of CO2 concentration on thermal degradation. The target loadings for these sets of experiments were 0.19 Zoannou, K.S., Sapsford, D.J. and Griffiths, A.J., 2013. Thermal degradation of monoethanolamine and its effect on CO2 capture capacity. International Journal of Greenhouse Gas Control, 17, . _________________________________________________________________________________________________________________________ 3 and 0.37 mol of CO2/mol of MEA and were determined by the inorganic carbon content measurement performed using a TOC (Total Organic Carbon) analyser see Section . . These loadings were not the ultimate loading possible for MEA contacted with pure CO2, but rather loadings chosen to be as close as possible to those used in other thermal degradation studies, which ranged from 0.20 to 0.40 (Davis and Rochelle, 2008; Davis, 2009; Lepaumier et al., 2009 Lepaumier et al., a,b, 2010 Lepaumier et al., , 2011 .
Materials and methods

Experimental procedure
The samples were loaded into three high pressure vessels, from Parr Instrument Company Ltd., with maximum working pressure of 20 MPa, equipped with pressure gauges and were thermally treated in a forced convection oven at 160 •C for 2, 3 and 8 weeks. The thermal treatment temperature was chosen to be 160 •C, somewhat higher than those encountered in actual operating plants (120 •C), to produce highly degraded samples within a reasonable timescale. Note here that, according to Davies (2009) and Polderman and Dillon (1955) , thermal degradation of MEA by carbamate polymerisation occurs at temperatures below 200 •C at the presence of CO2. Davis and Rochelle (2008) and Lepaumier et al. (2009 Lepaumier et al. ( a,b, 2010 report the same major degradation products for temperatures up to 150 •C and an increase in their production rates at higher temperatures.
After the end of the thermal treatment, the residual CO2 was released from the samples until a specified CO2 concentration was measured using a microGC instrument. The CO2 left in the degraded solutions after the end of stripping was measured by means of the TOC instrument (see Section 2.3). The degraded samples were then analysed using GC-MS (see Section 2.4) to determine the MEA concentrations and identify thermal degradation products. Finally, in order to assess the effect of thermal degradation on the MEA CO2 uptake capacity an absorption cycle was applied to the samples as described in Section 2.2. The absorption cycle was stopped when the CO2 concentration at the absorption/stripping apparatus ( Fig. 2 ) outlet approximately equalled the inlet. The number of moles of CO2 absorbed by the samples was measured throughout the course of the absorption cycle by TOC measurements on aliquots drawn from the reactors (see Section 2.2). In the present study, the number of moles the degraded solutions could absorb, under the experimental conditions described, is termed as CO2 uptake capacity and it should not be confused with the solvent s working capacity number of mole of CO2 removed/mole of circulated solvent, Veawab et al., 2001) under real plant conditions where CO2 concentrations in flue gas are substantially lower.
Loading of CO2 into MEA
The experimental procedure used to load samples of aqueous MEA with CO2 is described below. This procedure was used to load the original MEA samples with CO2 prior to thermal degradation and also to test the solvent s CO2 uptake capacity after thermal treatment. The loading was performed in the absorption/stripping apparatus (shown in Fig. 2 ) and the procedure was as follows:
Absorption: -The temperature in the oil bath was raised to 50 •C and the feed gas inlet valve was opened.
-100 ml/min of pure CO2 was bubbled into the reactor through a pre-saturator to maintain the water balance in the system. -Any excess CO2 gas that was not absorbed by the solvent was vented to a fume cupboard through a condenser and an amine recovery bottle.
-In order to determine the loading, aliquots of 0.1 ml were taken every 30 min and measured for their inorganic carbon content.
-These measurements were made with a Shimadzu Total Organic Carbon (TOC) Analyser TOC-500(A) using the TOC-control-V software. The instrument response was in mg C/L of solution which was used to calculate the moles of CO2 in the solutions and the molar loading. This procedure was used in line with previous studies (Bishnoi, 2000; Chi, 2000; Freeman et al., 2010; Hilliard, 2008; Pacheco, 1998) where phosphoric acid can be used to acidify the CO2 loaded amine samples to release aqueous CO2, carbamate and bicarbonate as gaseous CO2. After the absorption finished the feed gas valve was closed.
CO2 removal -post thermal treatment
After completion of the prescribed thermal treatment, samples were taken from the high pressure vessels and loaded into the absorption/stripping apparatus (Fig. 2) . The first objective was to release the CO2 left in the samples. The stripping process conditions are as follows:
-The temperature in the oil bath was raised to 120 •C, the feed gas inlet valve was opened and 200 ml/min of pure N2 were bubbled into the reactor to ensure good agitation.
-The outlet gas composition was measured with a portable microGC system throughout the stripping process. The system used was a Varian CP-4900 running Galaxie software (calibration gas 16% (v/v) O2, 10% (v/v) CO2 in a N2 balance).
-The stripping process stopped when the CO2 concentrations were below 0.2% (v/v), as determined by the microGC. The residual CO2 still left in the solutions was measured using the Total Organic Carbon (TOC) Analyser as per Section 2.2. in order to assess the effect of degradation on the solvent s CO2 uptake capacity.
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Fig. 2. Schematic of the absorption/stripping apparatus
After the removal of the CO2 from the samples after thermal treatment the samples were again loaded with CO2, as described in Section 2.2,
MEA and degradation product analysis by gas chromatography mass spectrometry
After the absorption experiments, the CO2 absorbed by the degraded MEA samples was released and the samples analysed by means of gas chromatography mass spectrometry (GC-MS), to measure the amine losses and detect and quantify any degradation products generated during the process. The GC-MS system used was a Perkin Elmer CLARUS 500 GC-MS with the Rtx 5 Amine GC column purchased from Restek. The GC system experimental time was 14.50 min, the carrier gas (He) flow 50 ml/min, the initial oven temperature 50•C and was held stable for 0.5 min and then raised up to 320•C, with an increase rate of 20•C/min, and remained stable for 0.5 min. The run time of the MS was 17 min and for the characteristic masses ranging from 10 to 200 m/z. Quantification was only performed for the MEA and its major thermal degradation products, HEIA (1-(2-hydroxyethyl)-2-imidazolidone), HEEDA (N-(2-hydroxyethyl)-ethylenediamine) and 2-oxazolidone.
The degradation products were identified in the EI (Electronic Impact) mode of the MS, using the MS spectra database available at the instrument software. For the quantification of the MEA and its major thermal degradation products in the samples, calibration curves were produced from commercially available standards.
CO2 solubility experiment at 100•C
As part of the design procedure for the sample thermal treatment system, it was deemed necessary to undertake the CO2 solubility experiments in order to make sure it was safe to thermally treat the CO2 loaded MEA samples at elevated temperatures for prolonged periods of time. The authors have included these data in the present section in the hope that is will be of assistance to other workers in the field that may be contemplating similar experiments. Samples of 400 ml of 30% (w/v) aqueous MEA solutions were loaded with pure CO2 as described in Section 2.2. Thereafter, the initial CO2 loading was determined and each sample was placed in the high pressure vessels. The vessels were sealed and placed in the oven at 100•C until equilibrium was reached (it was assumed that equilibrium was reached when the pressure reading ofthe pressure gauge was stable for Zoannou, K.S., Sapsford, D.J. and Griffiths, A.J., 2013. Thermal degradation of monoethanolamine and its effect on CO2 capture capacity. International Journal of Greenhouse Gas Control, 17, . _________________________________________________________________________________________________________________________ 5 more than an hour). The total pressure was constantly measured and the CO2 partial pressure was calculated using the method followed by Jou et al. (1995) . The number of moles of CO2 that were released by the MEA at this temperature, and moved to the headspace, was determined from the calculated CO2 partial pressures. The CO2 loading was then determined using the ideal gas law, in order to have a rough approximation (as CO2 does not behave as an ideal gas) for more accurate results a correction factor should be used.
ICP-OES analysis for corrosion products
Liquid samples ofthe degraded MEA solutions with initial molar loading of 0.19 were analysed by the ICP-OES (Inductively Coupled Plasma-Optical Emission Spectrometry) for metals as corrosion of the high pressure vessels was suspected during the experiments. The metal losses per unit area and per unit area over time were calculated considering the vessel s surface area (282.6 cm 2 ) and the time as the degradation experiment duration, in days. The three samples with initial molar loading of 0.19 mol of CO2/mol of MEA were thermally treated at 160 •C at the high pressure vessels (referred to from here on as A-2, A-3 and A-8). The same procedure was followed to thermally treat the three samples with initial molar loading of 0.37 (referred to from here on as B2, B-3 and B-8). After thermal treatment the samples were tested in the absorption-stripping rig (Fig. 2) to assess the effect of degradation on the solvent s CO2 uptake capacity, as described in Section 2.1. The CO2 left in the degraded samples was released and they were then loaded with CO2 in the absorption/stripping apparatus (Fig. 2) . Inorganic carbon content measurements were used to assess the solvent s behaviour during absorption. Note here that during absorption under real plant conditions, the solvent is not in equilibrium with pure CO2. The samples in this study are compared under the same experimental conditions. Fig. 3 presents the number of mole of CO2 absorbed by the samples that were thermally treated containing 0.19 mol of CO2/mol of MEA. It must be noted here that some CO2 remained in the degraded samples after the first stripping and these were determined using the TOC analyser as 0.12, 0.041 and 0.042 mol of CO2 for the 2, 3 and 8 week degraded samples respectively. Fig. 4 presents the number of moles of CO2 captured by the degraded samples over time for samples B-2, B-3 and B-8. Once again, the amounts of CO2 that remained in solution after the first stripping, as determined by the TOC, were 0.1, 0.05 and 0.04 mol of CO2 for the 2, 3 and 8 weeks degraded samples, respectively. As expected, both the A-8 and B-8 samples absorb less CO2 than the other samples that degraded for 2 and 3 weeks. From Fig. 3 it can be observed that A-8 absorbed 0.262 mol of CO2. Considering that a pure MEA solution with 30% (w/v) initial concentration has the potential to absorb circa 0.98 mol of CO2, it is concluded that the A-8 solution has lost approximately 74% of its ability to absorb the gas. Similarly, as presented in Fig. 4 , the B-8 solution after 8 weeks of thermal treatment has lost approximately 77.2% of its ability to absorb the gas, a value slightly in excess of that found for A-8 (Fig. 3) . Davis (2009) found that doubling the initial molar loading of CO2 from 0.2 to 0.4 roughly doubles the initial degradation rate at 135•C. In the present work, both in the 2 and 3 weeks samples, roughly 20% more MEA loss was observed in samples B-2 and B-3 samples when compared with the A-2 and A-3. The effect was not as prominent in the 8 weeks samples in both cases, as the samples were already highly degraded. It seems that the temperature increase (160 •C in the present study, instead of 135 •C) has a more dramatic effect on MEA loss than the initial CO2 molar loading. Davis (2009) also suggests that an increase of 15•C in the temperature quadruples the MEA loss.
Thermal degradation products identification and quantification
A number of degradation products were observed in the samples that were thermally treated with initial molar loading 0.19 and 0.37 mol of CO2/mol of MEA. Based on the MS spectra database of the GC-MS, a list of compounds, identified at the present study that have also been previously reported in the literature, is presented in Table 1 . . Thermal degradation of monoethanolamine and its effect on CO2 capture capacity. International Journal of Greenhouse Gas Control, 17, 
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Apart from thermal degradation studies (Davis and Rochelle, 2008; Lepaumier et al., 2009 a,b) , the compounds are also compared with pilot plant studies Strazisar et al., 2003) as well as laboratory scale studies performed at temperatures of up to 120 •C at the presence of both CO2 and O2 (Bello and Idem, 2005; Supap et al., 2006) as it was considered likely that some of those are thermal degradation products. Quantification was performed for the MEA, HEIA (1-(2-hydroxyethyl)-2-imidazolidone), HEEDA (N-(2-hydroxyethyl)-ethylenediamine) and 2-oxazolidone.
Figs. 5 and 6 present the MEA, HEIA, HEEDA and 2-oxazolidone concentrations, as determined by the GC-MS, during the thermal treatment time for the samples with 0.19 and 0.37 initial molar loadings, respectively. N,N -bis(2-hydroxyethyl) urea, a previously reported MEA thermal degradation product (Davis and Rochelle, 2008) , was not detected in the samples during the present study. Lepaumier et al. (2011) also report that it was not possible to detect N,N -bis(2-hydroxyethyl) urea at the samples analysed by GC-MS and indicate that this analytical method might not be appropriate for the detection of this type of compound.
As shown in Figs. 5 and 6, as the degradation experiment progresses, the MEA concentration decreases steadily from 30% (w/v) to 5.3 and 0.61% (w/v) in the A-8 and B-8, respectively. Moreover, at the beginning of the experiments the MEA concentration reduction was more dramatic than at the end of the thermal treatment. Of note are the very low final concentrations of MEA, showing degradations of the original amine in excess of 95% at 160•C for the B-8 sample.
The integrated form of the rate equation was also plotted based on the MEA concentrations (as presented in Figs. 5 and 6), as determined by the GC-MS, in order to obtain an indicative kinetic plot, the order of the degradation reaction and an estimation of the rate constants based on four data points. Table 1 . Degradation products both detected in the thermally degraded samples with 0.19 and 0.37 initial molar loadings and previously reported in the literature The degraded sample that was thermally treated with 0.19 initial molar loading was found to more closely fit 2nd order kinetics (R 2 = 0.9904) and the sample with 0.37 initial molar loading 1st order kinetics (R 2 = 0.9864) with respect to MEA. The calculated rate constants are 0.0201 M −1 s −1 for the sample with 0.19 initial molar loading and 0.4779 s −1 for the sample with 0.37 initial molar loading.
Based on the afore mentioned calculations, it seems that the change in the CO2 initial concentration possibly has an effect on the MEA thermal degradation pathway. This could be explained because according to Davis (2009) , as shown in Fig. 1 , at many different parts of the proposed pathway, equilibrium reactions of the produced degradation products with MEA or CO2 occur. As a result, a change in the initial CO2 concentration can favour different degradation reactions. As seen in Figs. 5 and 6, HEIA concentrations increased as the degradation time increased and it was determined as the major product in both samples A-8 and B-8. 2-Oxazolidone was detected both A-2 and B-2, but concentrations subsequently reduced over time, whereas HEEDA was almost stable for the first 3 weeks and then it slightly increased, in all samples. Lepaumier et al. (2009a,b) suggest that oxazolidones react very easily with another amine to give additional products; therefore, the absence of 2-oxazolidone from the 8 weeks samples is what would be expected, based on these previous studies. Figs. 7 and 8 present the percentages of each compound in the degraded solutions with 0.19 and 0.37 initial molar loading. respectively. These percentages were calculated by a nitrogen balance performed based on the concentrations of each compound in the final solutions, as determined by GC-MS. It needs to be noted here that for the purposes of the mass balance as 100% the nitrogen present in the initial MEA solution, is considered.
Degradation Product
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As can be seen from both Figs. 7 and 8, based on the nitrogen balance, HEIA accounts for a considerable amount of the MEA loss in the A-8 and B-8 degraded sample (55% and 76%, respectively). This indicates that HEIA is the most stable thermal degradation product. Clearly only three of the MEA thermal degradation products detected in the degraded samples were quantified.
Therefore, it was not possible to account for all the MEA loss. The total MEA loss was approximately 83% and 95%, for A-8 and B-8 degraded samples, respectively. HEEDA follows, accounting for 5% of the MEA loss but with no considerable changes in its concentration throughout the course of the experiment. This supports previous work by Davis and Rochelle (2008) , Davis (2009) and Lepaumier et al. (2009 Lepaumier et al. ( a,b, 2010 Lepaumier et al. ( , 2011 who suggest that HEEDA is an intermediate MEA thermal degradation product and it is (E)A s precursor. Of note are the very low final concentrations of MEA, indicating degradation of the MEA, initially in solution, of about 95% in 8 weeks at 160 •C for the B-8 sample. If it is supposed that only MEA has the capacity to uptake CO2, then the absorption/stripping study suggested a somewhat lower degradation of the MEA, since the degraded solvent maintains a higher capacity of the solvent for CO2. This observation is more prominent in the B-8 sample, which still retains 22% of its capacity to remove CO2, although most of the MEA has been lost (95%), according to the GC-MS measurements. This, then, is an indication of the ability of some of the degradation products to absorb and release CO2. 
Comparison of degraded MEA behaviour as determined by GC-MS and CO2 uptake capacity
A comparison can be made between the measured total number of moles of CO2 absorbed by the degraded samples and the amount of pure CO2 that the MEA present could theoretically remove (if considering the MEA as the only CO2 absorbing agent present). Figs. 9 and 10 present the determined figures for the samples with 0.19 and 0.37 initial molar loadings, respectively. As . Thermal degradation of monoethanolamine and its effect on CO2 capture capacity. International Journal of Greenhouse Gas Control, 17, 8 shown in Fig. 10 , very low final concentrations of MEA were determined, indicating degradation of the MEA, initially in solution, of about 95% in 8 weeks at 160•C for the B-8 sample. As presented in both Figs. 9 and 10, the solvent demonstrated a CO2 uptake capacity higher than that achievable by the MEA present. This observation is more prominent in the B-8 sample and it was calculated that the remaining solution still retains 22% of its capacity to remove CO2, although most of the MEA has been lost (95%). This demonstrates the ability of some of the degradation products to absorb and release CO2. Table 2 presents the experimental data generated by the present study and also summarises CO2 solubility data found in the literature. From the comparison of the results of the present experiment with the data shown in the literature (see Table 2 ), it can be concluded that the solubility data seem to differ between studies. In general the data produced by this set of experiments show higher CO2 partial pressures than the literature. The values obtained by the study performed by Shen and Li (1992) seem to come in close agreement with the data Zoannou, K.S., Sapsford, D.J. and Griffiths, A.J., 2013. Thermal degradation of monoethanolamine and its effect on CO2 capture capacity. International Journal of Greenhouse Gas Control, 17, 9 from the present work at high CO2 loadings. In all the literature studies presented the aqueous MEA solution volume was smaller than in this study, as well as the total system volumes.
CO2 solubility experiment at 100 •C
Corrosion
The metal losses per unit area and per unit area over time of the degradation experiments were calculated (see Table 3 ), based on the liquid sample metal analysis and show that corrosion of steel occurs in the presence of CO2 at elevated temperature and pressure. Whilst corrosion in actual plant will also be affected by the presence of O2 and other gases, these data are included to provide indicative rates for the conditions presented. Table 4 presents the grade of steel of the vessels used in the present study. Noticing the major elements of the high pressure vessels provided by the manufacturer ( Zoannou, K.S., Sapsford, D.J. and Griffiths, A.J., 2013. Thermal degradation of monoethanolamine and its effect on CO2 capture capacity. International Journal of Greenhouse Gas Control, 17, . _________________________________________________________________________________________________________________________ 10
Conclusions
As evidenced by the measured MEA concentrations and the measured CO2 uptake capacity, despite having lost most of their MEA due to thermal degradation, the samples still retained some of their capacity to remove CO2. This clearly indicates the ability of some of the degradation products to remove CO2. Therefore, the requirement for MEA make-up may not be quite as serious as initially believed.
Observing the deterioration in the CO2 absorbed by the degraded samples after 8 weeks of thermal treatment (82% A-8 and 95% B-8), it can be concluded that the initial molar CO2-loading of the samples did not strongly influence the solvent degradation, in both cases the MEA has almost disappeared. The effect of the initial molar CO2-loading was more considerable in the 2 and 3 weeks samples, where approximately 20% greater MEA loss was determined for the samples with 0.37 initial molar loading. In terms of the major MEA thermal degradation products, 2-oxazolidone, HEEDA and HEIA represent the vast majority of the species in solution after degradation based on the N balance. The MEA concentration loss is more dramatic at the beginning of the experiment, indicating that the rate of MEA degradation slows as the sample degrades more.
In both the A-8 and B-8 samples, HEIA concentration accounts for most of the MEA loss and appears to be the most stable degradation product based on the concentrations measured in both samples over time. The HEEDA and 2-oxazolidone concentrations had a less considerable change over time, which indicates that they are intermediate products to HEIA. Finally, corrosion of the thermal degradation rig was observed during the experiments with a calculated overall rate of 1.95 mm/year.
